Introduction
============

Axon guidance molecules modulate the growth and migration of neurons during development of the neural system. These molecules are classified according to their genetic and biochemical properties into four highly conserved families; netrins, slits, semaphorins and ephrins ([@b1-ijo-56-01-0139]). Unc-5 Netrin Receptor (UNC5)C is one of seven cognate receptors, including neogenin, deleted in colorectal cancer (DCC), UNC5A, UNC5B, UNC5C, UNC5D and adenosine A2b receptor, for netrin-1 (NTN1), which mediates the directed extension and migration of axons during neural development ([@b2-ijo-56-01-0139]). UNC5C mediates the repellent response to NTN1. UNC5C-deletion in mice disrupts the long-range dorsal guidance of inferior olivary and pontine axons after crossing the midline ([@b3-ijo-56-01-0139]). UNC5C is also involved in tumor progression ([@b4-ijo-56-01-0139]). Thiebault *et al* ([@b5-ijo-56-01-0139]) used a full-length complementary DNA (cDNA) probe that recognizes UNC5A, UNC5B and UNC5C mRNA, and found that UNC5A, UNC5B and UNC5C were significantly downregulated in 93, 88, 49, 48, 68 and 74% of colorectal, ovarian, breast, uterine, gastric and lung cancer samples, respectively, indicating that UNC5A, UNC5B and UNC5C are potential tumor suppressor genes. UNC5 receptors are members of the dependence receptor family, which elicit an apoptotic signal in the absence of their ligand, NTN1, instead of being inactive ([@b5-ijo-56-01-0139]). The loss of function of UNC5C typically occurs in early stages of colorectal cancer ([@b6-ijo-56-01-0139]), and inherited UNC5C mutations can inhibit cell apoptosis and increase the risk of colorectal cancer ([@b7-ijo-56-01-0139]). UNC5A, UNC5B and UNC5C are downregulated in colorectal cancer by 48, 27 and 74--77%, respectively ([@b5-ijo-56-01-0139]), suggesting that UNC5C plays an important inhibitory role in colorectal cancer. In addition to the loss of heterozygosity, several studies have attributed UNC5C downregulation to the abnormal methylation of its promoter ([@b5-ijo-56-01-0139],[@b8-ijo-56-01-0139]).

UNC5 receptors perform functions through interactions with other axon guidance molecule receptors. For example, UNC5B was shown to interact with the netrin-4 receptor neogenin ([@b9-ijo-56-01-0139]) or roundabout guidance receptor 4 ([@b10-ijo-56-01-0139]) to inhibit angiogenesis. UNC5B also interacts with DCC to convert NTN1-induced growth cone attraction to repulsion ([@b11-ijo-56-01-0139]). However, the impact of these interactions on tumor progression remains unknown.

Breast cancer is the most malignant type of cancer in females, and it is difficult to treat due to its high rates of recurrence and mortality. Breast cancer alone accounted for 11.6% of all cancer cases and 6.6% of all cancer-associated mortalities among females in 2018 ([@b12-ijo-56-01-0139]). Metastasis is the leading cause of mortality in breast cancer patients ([@b13-ijo-56-01-0139]). Most studies on the role of UNC5C in tumorigenesis have focused on colorectal cancer ([@b7-ijo-56-01-0139],[@b8-ijo-56-01-0139],[@b14-ijo-56-01-0139]). To the best of our knowledge, the function and mechanism of UNC5C in breast cancer have not been widely reported. Fitamant *et al* ([@b15-ijo-56-01-0139]) found that metastatic breast cancer expresses NTN1 as a mechanism by which breast cancer cells escape apoptosis.

The present study investigated the effects of UNC5C on cell growth and metastasis both *in vitro* and *in vivo* by knocking down and overexpressing UNC5C in breast cancer cell lines. It was identified that UNC5C interacted with the integrin α6 subunit and UNC5C-knockdown enhanced the growth and metastasis of breast cancer cells, which was likely partially attributable to the upregulation of matrix metalloproteinase (MMP)9 expression via the NTN1/integrin α6/β4 signaling pathway. These findings confirm the inhibitory effects of UNC5C on breast cancer cell viability and metastasis.

Materials and methods
=====================

Cell lines and reagents
-----------------------

The SK-BR-3, ZR-75-30 and MDA-MB-231 breast cancer cell lines were purchased from the American Type Culture Collection. 293T, MCF-10a and MCF-7 cells were purchased from the Cell Resource Center, Institute of Life Sciences, Chinese Academy of Science. All cell lines were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM, HyClone; GE Healthcare) with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). All cells were incubated in a 5% CO~2~ humidified atmosphere at 37°C. The lentivirus vector *pll3.7* for UNC5C-knockdown and packaging plasmid *pHR* were obtained from Addgene, Inc. pVSVG was obtained from Invitrogen; Thermo Fisher Scientific, Inc. The *pbobi* plasmids for UNC5C (UNC5C full length gene sequence ID: 8633) and integrin α6 subunit (ITGA6 full length gene sequence ID: 3655) overexpression were provided by Professor Jiahuai Han (Xiamen University, Xiamen, China). The mitogen activated protein kinase (MAPK) inhibitors SB203580, U0126 and LY294002 were purchased from Merck KGaA. Breast tissue chips that contained 30 pairs of tumor and adjacent tissues (cat. no. HBre-Duc060CS-02) were purchased from Shanghai Outdo Biotech Co., Ltd.

Antibodies
----------

Anti-UNC5C (cat. no. ab106949) and integrin α6 (cat. no. ab20142 for immunoprecipitation and ab181551 for western blotting) antibodies were purchased from Abcam. Anti-phosphorylated (p)-Akt (cat. no. 4060; Ser473), Akt (cat. no. 4685), p-p38 MAPK (clone D3F9; cat. no. 4511), p38 MAPK (clone D13E1; cat.no. 8690), p-ERK1/2 (Thr202/Tyr204; cat. no. 9101), ERK1/2 (cat. no. 9102), Src (cloneL4A1; cat. no. 2110), p-Src (Tyr416; cat. no. 2101), FAK (cat. no. 3285) and p-FAK (clone D20B1; Tyr397; cat. no. 8556) antibodies were purchased from Cell Signaling Technology, Inc. Anti-α-tubulin (cat. no. T6199) and Flag (cat. no. F3040) antibodies were purchased from Sigma-Aldrich; Merck KGaA. Anti-myc antibody (cat. no. HT101) was purchased from Transgene SA. Anti-integrin-linked kinase (ILK; clone E-2, cat. no. sc-137221) and p-ILK antibodies (Thr173; cat. no. sc-130196) were purchased from Santa Cruz Biotechnology, Inc. Goat anti-mouse horseradish peroxidase (HRP)-conjugated immunoglobulin G (IgG; cat. no. G-21040) and goat anti-rabbit HRP-conjugated IgG (cat. no. A16096) were purchased from Pierce; Thermo Fisher Scientific, Inc.

Establishment of stable cell lines
----------------------------------

The stable cell lines with UNC5C-knockdown or overexpression were established as previously described ([@b16-ijo-56-01-0139]). Briefly, virus stocks were prepared by co-transfecting *pll3.7* (for UNC5C mRNA knockdown) or *pbobi* (cMyc tag; for UNC5C mRNA overexpression) with two packaging plasmids (*pHR* and *pVSVG*) into 293T cells. For UNC5C-knockdown, SK-BR-3 and ZR-75--30 cells were infected with *pll3.7* in the presence of polybrene (8 *µ*g/ml; Sigma-Aldrich; Merck KGaA) for 2 days. Infected cells were screened by treatment with G418 (1,500 *µ*g/ml; Sigma-Aldrich; Merck KGaA) for 1 week. The targeted sequences for UNC5C-knockdown were as follows: shRNA1, 5\'-TCTTGGATTGCAAGACGAGG-3\'; and shRNA2, 5\'-CAAAGTCACGATGATTCTTC-3\'. Empty plasmid was used as a control (shCtrl). For UNC5C overexpression (UNC5C full length gene sequence ID: 8633), MDA-MB-231 cells were infected with *pbobi* in the presence of polybrene, and screened by treatment with puromycin (2.5 *µ*g/ml; Sigma-Aldrich; Merck KGaA) for 1 week. After the screened cells were maintained in culture for 1 week UNC5C-knockdown and overexpression efficiency were determined by western blotting.

Western blotting and immunoprecipitation
----------------------------------------

The MCF-10a, MCF-7, SK-BR-3, ZR-75--30 and MDA-MB-231 breast cancer cells were lysed with RIPA buffer (cat. no. P0013B; Beyotime Institute of Biotechnology) that contained a protease inhibitor (cat. no. 04906845001; Roche Diagnostics). Isolated proteins were quantified using the Pierce™ BCA Protein assay kit (cat. no. 23225; Thermo Fisher Scientific, Inc.). Protein samples (30 µg) were fractionated by 7.5% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (EMD Millipore). After blocking in 5% milk for 1 h at room temperature, membranes were incubated at 4°C overnight with primary antibodies at a dilution of 1:1,000 for anti-phosphorylated (p)-Akt, Akt, p-p38 MAPK, p38 MAPK, p-ERK1/2, ERK1/2, Src, p-Src, FAK, p-FAK, Unc5C and integrin α6, and at a dilution of 1:500 for anti-integrin-linked kinase and p-ILK, The membranes were then washed and incubated with the appropriate HRP-conjugated secondary antibody (1:5,000) for 1 h at room temperature. The bound antibody was developed using an enhanced chemiluminescence system (Bio-Rad Laboratories, Inc.). The density of the protein bands was analyzed by ImageJ software (version 1.52a; National Institutes of Health). For immunoprecipitation, the cells were rinsed three times with ice-cold PBS, NP-40 buffer (cat. no. P0013F; Beyotime Institute of Biotechnology) that contained phenylmethylsulfonyl fluoride (cat. no. M145-5; Amresco, LLC) was then added to the cells. The cell lysates were centrifuged at 12,000 × g for 20 min at 4°C. The supernatants were incubated with the primary antibodies anti-myc, anti-Flag, anti-Unc5C and anti-integrin α6 (all 1:500) at 4°C for 2 h, and then incubated with protein G agarose beads (cat. no. 11719416001; Roche Diagnostics) overnight at 4°C. After centrifugation and aspirating the supernatants, the beads were washed 3--6 times, followed by routine western blot analysis. Non-specific normal IgG (1:200; cat. no. ab200699; Abcam) was used as a negative control.

Oncomine analysis
-----------------

The raw data of Unc5C mRNA expression in ductal breast carcinoma and normal breast tissues were extracted from three datasets in the Oncomine database (<https://www.oncomine.org/resource/login.html>), including the Perou *et al* ([@b17-ijo-56-01-0139]), Sørlie *et al* ([@b18-ijo-56-01-0139]) and Richardson *et al* ([@b19-ijo-56-01-0139]) datasets. The threshold in the analysis was set at P\<1x10−^4^, fold change \>2 and gene rank in top 10%. The raw data were re-plotted using GraphPad Prism software (version 6; GraphPad Software, Inc.).

Immunohistochemistry
--------------------

The breast tissue chips with different clinicopathological stages (grade II--III) were deparaffinized and incubated in citrate buffer for antigen retrieval for ≥4 h. The grades were determined according to the guidelines of the Chinese Society of Clinical Oncology: Breast Cancer ([@b20-ijo-56-01-0139]). After washing three times with PBS, the chips were blocked with 3% H~2~O~2~ in PBS for 10 min at room temperature, followed by three washes with PBS. The chips were blocked by TNB blocking buffer at room temperature for 1--2 h and then incubated with anti-UNC5C antibody (cat no. ab106949; Abcam; 1:500) overnight at 4°C. After washing with TNT buffer, the sections were incubated with the appropriate HRP-conjugated secondary antibody for 1 h at room temperature. After a 10--30 min wash with DAB solution and mounting, the slides were visualized under a light microscope (magnification, ×40, ×200 or ×400) and images were captured. The analysis was performed as described previously ([@b21-ijo-56-01-0139]), with minor modifications. The UNC5C-positive staining intensity was scored as: 0, negative; 1, weak; 2, moderate; and 3, strong. The scoring for the UNC5C stained area was: 0, \<5%; 1, 5--25%; 2, 26--50%; 3, 51--75%; and 4, 76--100% of stained tumor cells. The final staining score was calculated by multiplying the staining intensity score by the staining area score, with a range between 0 and 12.

Quantitative PCR (qPCR) and semi-qPCR
-------------------------------------

RNA isolation from SK-BR-3 and MDA-MB-231 cells was performed using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was prepared using the ReverTra Ace RT-qPCR kit (Toyobo Life Science) with 1 *µ*g RNA per reaction. RT was performed at 37°C for 15 min followed by 98°C for 5 min to inactivate reverse transcriptase activity. qPCR was performed with the Thunderbird SYBR qPCR mix (Toyobo Life Science) and the thermocycling conditions were as previously described ([@b22-ijo-56-01-0139]). The primers used are listed in [Table SI](#SD1-ijo-56-01-0139){ref-type="supplementary-material"}. Relative MMP gene expression was calculated using the 2-^ΔΔCq^ method ([@b23-ijo-56-01-0139]), normalized to GAPDH and compared with the MMP3 level.

For semi-qPCR, the amplification conditions were the following: Initial denaturation at 95°C for 1 min, followed by 38 cycles of 95°C for 30 sec, 58°C for 30 sec and 72°C for 1 min for MMPs, and 23 cycles under the same conditions for GAPDH. Taq polymerase (Takara Bio, Inc.) was used as the DNA polymerase. Each condition was run in triplicate with the primers listed in [Table SI](#SD1-ijo-56-01-0139){ref-type="supplementary-material"}. Amplified products were resolved by 1% agarose gel electrophoresis and visualized by 4S green plus (Sangon Biotech Co., Ltd.), and then photographed with a Bio-Imaging system (DNR Bio Imaging Systems). The band intensity of each lane was analyzed by ImageJ software (version 1.52a; National Institutes of Health) as described previously ([@b24-ijo-56-01-0139]).

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

A total of 1×10^6^ cells/well were seeded in 6-well microplates. The culture medium was replaced with serum-free fresh DMEM (2 ml/well) 8 h later. After 24 h, supernatants were collected and centrifuged at 200 × g for 5 min at room temperature to remove cellular debris. Secreted NTN1 in the supernatants was measured using an ELISA kit (cat. no. KTE62214; Abbkine Scientific Co., Ltd.) according to the manufacturer\'s protocol. The final optical density of each well was read at 450 nm using a microplate reader (Multiscan MK3; Thermo Fisher Scientific, Inc.).

Tumor xenograft and metastasis
------------------------------

Six-week old nude (BALB/c) mice (n=40, 18--22 g, 15 males and 25 females) were purchased from SLRC Laboratory Company and maintained at the Laboratory Animal Center, Xiamen University (Xiamen, China). The mice were housed in plastic cages and maintained in a climate-controlled animal room (23±1°C; 55±5% humidified atmosphere) with a 12/12 h light-dark cycle. Food and water were freely available. The protocols for the xenograft and metastasis experiments were approved by the Animal Ethics Committee of Xiamen University (approval no. XMULAC20120030). For the xenograft experiment, plasmid *pll3.7* transfected-SK-BR-3 (Unc5C-shCtrl, Unc5C-shRNA1 and Unc5C-shRNA2) and *pbobi* transfected-MDA-MB-231 (GFP and Unc5C) cells were detached and resuspended in serum-free medium. Subsequently, 5.0×10^6^ cells were subcutaneously injected in a volume of 200 *µ*l into the flank of 6-week-old female nude BALB/c mice (n≥4/group), which were maintained in a specific-pathogen-free environment. The mice were palpated every 3 days to monitor tumorigenesis. Tumor growth was recorded using a Vernier caliper, and the volume of the tumors was calculated according to the following formula: 0.52 × width^2^ × length. The humane endpoint was set when the tumor diameters of any mouse exceeded 12 mm, at which point the experiment was terminated. After 4 weeks, all of the mice were euthanized by CO~2~ exposure at a flow rate of 1.2 l/min, which displaces 20% of the cage volume per minute. Death of the mice was verified by persistent unconsciousness and no breathing. The resulting tumors were completely dissected and weighed.

For the analysis of lung metastasis, male nude BALB/c mice were divided into three groups (n=5). Plasmid *pll3.7* transfected-SK-BR-3 cells (2.0×10^6^) were injected in a volume of 100 *µ*l PBS into each mouse via the tail vein. The body weight of the mice was monitored every 3 days. A 20% reduction of body weight was defined as the humane endpoint. After 8 weeks, all of the mice were euthanized by CO~2~ exposure at a flow rate of 1.2 l/min, which displaced 20% of the cage volume per minute. Death of the mice was verified by persistent unconsciousness and no breathing. Lung tissues were harvested and washed twice with PBS. A cytomegalovirus-enhanced green fluorescent protein reporter cassette was included in the *pll3.7* vector to monitor expression, thus allowing evaluation of the metastasis of cancer cells by examining GFP-labeled metastatic tumor nodules in all lung lobes. The lung tissues were stored in 4% paraformaldehyde at room temperature for 24 h, embedded in paraffin and cut into 5-*µ*m thick sections. The sections were finally stained with hematoxylin for 3 min and eosin for 2 min at room temperature, and visualized under a light microscope (magnification, ×200).

MTT assay
---------

SK-BR-3, ZR-75--30 and MDA-MB-231 cells were seeded in 96-well plates at a density of 3.0×10^3^/well. MTT solution (10 *µ*l; Beyotime Institute of Biotechnology) was then added to each well every 24 h, and the cells were incubated at 37°C for 4 h with 5% CO~2~. The MTT solution was then removed and replaced with 150 *µ*l DMSO. The plate was further incubated at 37°C for 15 min with 5% CO~2~ and agitated on an orbital shaker for 10 min. The optical density of the wells was read at a wavelength of 560 nm with a 630 nm reference filter.

Tumor cell invasion assay
-------------------------

The tumor cell invasion assay was performed as described previously ([@b16-ijo-56-01-0139]). Briefly, the invasion chambers (8-*µ*m; EMD Millipore) were coated with 20 *µ*l diluted Matrigel (BD Biosciences) at 37°C for 30 min and inserted into a 24-well plate. Cells were added to the top chambers at 1×10^4^ cells/well. The upper chamber was filled with 200 *µ*l DMEM that contained 5% FBS, and the lower chamber was filled with 500 *µ*l DMEM that contained 20% FBS. After incubation for 24 h, non-invading cells were removed from the upper chamber with a cotton swab, and invading cells were fixed with PAF for 10 min at room temperature and stained using 1% crystal violet for 5 min at room temperature (cat. no. C0775; Sigma-Aldrich; Merck KGaA). Subsequently, the cells were visualized under an inverted microscope (magnification, ×20). The number of cells was counted and calculated using ImagePro Plus 6.0 software (Media Cybernetics, Inc.). Three identical replicates were performed for each condition.

Statistical analysis
--------------------

The statistical analysis was performed using SPSS software (version 20; IBM Corp.). Unless otherwise indicated, data are presented as the mean ± standard error of the mean. No samples or animals were excluded from the analysis. Comparisons were performed using Student\'s t-test for the comparison of two groups or one-way analysis of variance followed by Tukey\'s post hoc test for the comparison of multiple groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

UNC5C is heterogeneously expressed in breast cancer cell lines
--------------------------------------------------------------

UNC5C expression was detected by western blotting in various commercially available breast cancer cell lines. The normal breast cell line MCF-10a was used as a control. As presented in [Fig. 1A](#f1-ijo-56-01-0139){ref-type="fig"}, UNC5C was detected in MCF-10a, MCF-7, SK-BR-3 and ZR-75--30 cells, with the highest UNC5C expression in ZR-75--30 cells and the lowest expression in MDA-MB-231 cells. The MCF-7 and ZR-75-30 cells are derived from ductal breast carcinoma. MDA-MB-231 and SK-BR-3 are derived from breast adenocarcinoma. The present results indicate that the heterogeneity of UNC5C expression in various cell lines may depend on the specific type of cell line. To confirm the results that were found in MCF-7 and ZR-75-30 cells, UNC5C expression in ductal breast carcinoma was further examined by Oncomine data-mining analysis and the immunostaining of breast tissue chips. The Oncomine data indicated no significant differences between normal tissues and ductal breast carcinoma ([@b17-ijo-56-01-0139]--[@b19-ijo-56-01-0139]) ([Fig. S1](#SD1-ijo-56-01-0139){ref-type="supplementary-material"}). Breast tissue chips from normal tissue and ductal breast carcinoma were separately stained with UNC5C antibodies. UNC5C protein was widely expressed in most ductal breast carcinoma and adjacent normal tissues at different clinical stages, and no significant difference was observed between them ([Fig. 1B](#f1-ijo-56-01-0139){ref-type="fig"}). UNC5 receptors are NTN1 dependence receptors ([@b5-ijo-56-01-0139]). Therefore, ELISA was used to detect the relative expression of NTN1 in culture media of the aforementioned breast cancer cell lines. NTN1 expression in SK-BR-3 and ZR-75-30 cells, which express a relatively high level of UNC5C, was significantly higher than in MDA-MB-231 cells and not detected in MCF7 cells ([Fig. 1C](#f1-ijo-56-01-0139){ref-type="fig"}). NTN1 expression appears to be positively associated with the UNC5C receptor.

UNC5C inhibits the viability and invasion of breast cancer cells
----------------------------------------------------------------

To evaluate the function of UNC5C in breast cancer cells, UNC5C-knockdown experiments were performed in SK-BR-3 and ZR-75-30 cells, and UNC5C-overexpression experiments were performed with MDA-MB-231 cells. Two RNA sequences were designed and inserted into the *pll3.7* vector to knockdown UNC5C expression in SK-BR-3 and ZR-75-30 cells. An empty control vector was used as a control. Plasmid *pbobi* that encoded the full-length human UNC5C with a cMyc tag sequence was transfected into MDA-MB-231 cells. The plasmid with the GFP coding sequence was used as a control. As shown in [Fig. 2A](#f2-ijo-56-01-0139){ref-type="fig"}, UNC5C expression was effectively downregulated in SK-BR-3 and ZR-75-30 cells, whereas UNC5C was markedly overexpressed in MDA-MB-231 cells. To examine the effects of UNC5C expression on NTN1, the concentration of NTN1 in culture media of these breast cancer cells was detected by ELISA. The results demonstrated that UNC5C-knockdown increased the concentration of NTN1, and UNC5C-overexpression decreased NTN1 concentrations; however, these changes were not statistically significant for cells transfected with SK-UNC5C-shRNA1 or *pbobi* overexpression vector ([Fig. S2](#SD1-ijo-56-01-0139){ref-type="supplementary-material"}). Notably, NTN1 expression was not assessed by western blotting or RT-qPCR, which may be a limitation of the present study.

The downregulation of UNC5C significantly enhanced the viability of SK-BR-3 cells (P\<0.001) and ZR-75-30 cells (P\<0.001). By contrast, the viability of MDA-MB-231 breast cancer cells was significantly suppressed by UNC5C-overexpression (P\<0.001). These results indicate that UNC5C inhibits the viability of breast cancer cells ([Fig. 2B](#f2-ijo-56-01-0139){ref-type="fig"}). To examine the effects of UNC5C on tumor invasion, the Matrigel coated-Transwell assay was conducted. The number of cells that passed through the Matrigel matrix was significantly increased following UNC5C knockdown (P\<0.01 for SK-BR-3-shRNA1 and P\<0.05 for ZR-75-30-shRNA1) and reduced by UNC5C overexpression (P\<0.01), suggesting that UNC5C suppresses tumor cell invasion ([Fig. 2C](#f2-ijo-56-01-0139){ref-type="fig"}).

UNC5C suppresses the growth and metastasis of breast cancer cells in vivo
-------------------------------------------------------------------------

To confirm the effects of UNC5C on tumor growth *in vivo*, a subcutaneous tumor xenograft assay was performed with SK-BR-3 and MDA-MB-231 cells. As presented in [Fig. 3A](#f3-ijo-56-01-0139){ref-type="fig"}, UNC5C-knockdown in SK-BR-3 cells significantly enhanced tumor growth (P\<0.001 for tumor volume and P\<0.01 for final tumor weight; n=5). By contrast, UNC5C-overexpression ([Fig. 3B](#f3-ijo-56-01-0139){ref-type="fig"}) resulted in the opposite effect in MDA-MB-231 cells (P\<0.001 for tumor volume and P\<0.01 for final tumor weight; n=4).

To investigate the effects of UNC5C on tumor metastasis *in vivo*, SB-BR-3 cells were injected in the tail vein in mice. UNC5C-knockdown in SK-BR-3 cells significantly promoted tumor metastasis (P\<0.05 for shRNA1 and P\<0.01 for shRNA2; n=5; [Fig. 3C](#f3-ijo-56-01-0139){ref-type="fig"}). These findings confirm that UNC5C also inhibits the growth and metastasis of breast cancer cells *in vivo*.

UNC5C suppresses the expression of MMPs in breast cancer cells
--------------------------------------------------------------

For tumor invasion and metastasis, tumor cells must traverse the basement membrane that lines the basal face of tumor cells, which contains collagen type IV as a major structural component ([@b25-ijo-56-01-0139]). Secreted MMPs that can degrade collagen type IV, including MMP2, MMP3, MMP7, MMP9 and MMP10, of which MMP2 and MMP9 are the most efficient ([@b26-ijo-56-01-0139]), play critical roles in tumor invasion and metastasis. MMP3, MMP7, MMP9 and MMP10 expression was upregulated by UNC5C-knockdown in SK-BR-3 cells and downregulated by UNC5C-overexpression in MDA-MB-231 cells. However, no difference in MMP2 expression was detected in either UNC5C-knockdown or -overexpressing cells ([Fig. 4A](#f4-ijo-56-01-0139){ref-type="fig"}). Western blotting further confirmed MMP2 and MMP9 expression at the protein level ([Fig. 4B](#f4-ijo-56-01-0139){ref-type="fig"}). These findings indicated that UNC5C inhibits the invasion and metastasis of breast cancer cells, which is associated with suppression of the expression and activity of MMP3, MMP7, MMP9 and MMP10.

UNC5C suppresses the phosphorylation of PI3K/AKT, ERK and p38 MAPK
------------------------------------------------------------------

Based on the findings that MMP9 expression is maintained at a higher level than MMP3, MMP7 and MMP10 ([Fig. S3](#SD1-ijo-56-01-0139){ref-type="supplementary-material"}) and that MMP9, not MMP2, is affected by UNC5C ([Fig. 4A and B](#f4-ijo-56-01-0139){ref-type="fig"}), we focused on MMP9 to further investigate the effects of UNC5C on breast cancer cell invasion and metastasis. Several studies have shown that the activation of PI3K/AKT ([@b27-ijo-56-01-0139]), ERK ([@b28-ijo-56-01-0139]) and p38 MAPK ([@b29-ijo-56-01-0139]) is important for the regulation of MMP expression in breast cancer cells. To examine the possibility that MMP9 expression is regulated by the PI3K/AKT, ERK or p38 MAPK signaling pathways, PI3K (LY294002), ERK (U0126) and p38 MAPK (SB203580) inhibitors were used to investigate their influence on MMP9 expression. As shown in [Fig. 4C](#f4-ijo-56-01-0139){ref-type="fig"}, MMP9 expression was markedly suppressed when the PI3K/AKT, ERK and p38 MAPK signaling pathways were blocked. Notably, these inhibitors antagonized the upregulation of MMP9 ([Figs. 5A](#f5-ijo-56-01-0139){ref-type="fig"} and [S4](#SD1-ijo-56-01-0139){ref-type="supplementary-material"}) and increased invasion ability ([Fig. 5B](#f5-ijo-56-01-0139){ref-type="fig"}) that was induced by UNC5C-knockdown. These results, combined with the findings that phosphorylation levels of AKT, ERK and p38 MAPK increased after UNC5C-knockdown in SK-BR-3 cells and decreased after UNC5C-overexpression in MDA-MB-231 cells ([Fig. 4D](#f4-ijo-56-01-0139){ref-type="fig"}), suggest that UNC5C likely exerts inhibitory effects on breast cancer metastasis at least partially by inhibiting MMP9 expression through the PI3K/AKT, ERK and p38 MAPK signaling pathways.

UNC5C inhibits the growth and metastasis of breast cancer cells through interactions with integrin α6
-----------------------------------------------------------------------------------------------------

A notable characteristic of NTN1 receptors is their mutual interactions ([@b9-ijo-56-01-0139]--[@b11-ijo-56-01-0139]). Integrins comprise a family of receptors that usually mediate cell to extracellular matrix (ECM) adhesion and migration. Integrin signaling pathways play crucial roles in regulation of MMP expression in various cancer types ([@b30-ijo-56-01-0139]--[@b32-ijo-56-01-0139]). NTN1 has been reported to promote epithelial cell adhesion and migration during development of the pancreas by binding to integrin α6/β4 and integrin α3β1, which have been identified as NTN1 receptors ([@b33-ijo-56-01-0139]). Integrin α6/β4 is normally expressed in the breast epithelium and upregulated in invasive breast cancer ([@b34-ijo-56-01-0139]). One possibility is that UNC5C may regulate metastasis in breast cancer through interactions with integrin α6/β4 signaling pathways. Therefore, the present study examined interactions between UNC5C and integrin α6. Immunoprecipitation demonstrated that UNC5C interacted with integrin α6 both exogenously ([Fig. 6A](#f6-ijo-56-01-0139){ref-type="fig"}) and endogenously ([Fig. 6B](#f6-ijo-56-01-0139){ref-type="fig"}). UNC5C also interacted with integrin α6 through extracellular domains ([Fig. 6C](#f6-ijo-56-01-0139){ref-type="fig"}). The effects of UNC5C on integrin α6 expression were then examined and the results showed that UNC5C-knockdown did not affect integrin α6 expression in SK-BR-3 cells. Unexpectedly, UNC5C-overexpression in MDA-MB-231 cells enhanced integrin α6 expression ([Figs. 6D](#f6-ijo-56-01-0139){ref-type="fig"} and [S5](#SD1-ijo-56-01-0139){ref-type="supplementary-material"}).

ILK, FAK and SRC kinases play critical roles in integrin signaling ([@b35-ijo-56-01-0139],[@b36-ijo-56-01-0139]). To investigate the effects of UNC5C on integrin signaling, the present study examined the phosphorylation of ILK, FAK and SRC kinases. The results showed that ILK phosphorylation at Thr-173 decreased following UNC5C-knockdown in SK-BR-3 cells. UNC5C-overexpression in MDA-MB-231 cells increased the phosphorylation of ILK, although no significant difference was found. By contrast, opposite results were revealed for FAK and SRC phosphorylation ([Fig. 6D](#f6-ijo-56-01-0139){ref-type="fig"} and [S5](#SD1-ijo-56-01-0139){ref-type="supplementary-material"}).

Discussion
==========

A unique characteristic of dependence receptors is their ability to perform dual opposing roles by activating opposite signaling pathways. In the presence of their cognate ligand, they trigger the activation of signaling pathways that are involved in cell survival, migration and differentiation. In the absence of the ligand, the receptors elicit apoptosis-inducing signals ([@b37-ijo-56-01-0139]). The heterogeneous expression of UNC5C was observed in various breast cancer cell lines in the present study ([Fig. 1A](#f1-ijo-56-01-0139){ref-type="fig"}). The results were consistent with Thiebault *et al* ([@b5-ijo-56-01-0139]), who examined UNC5C expression in 53 breast cancer samples and corresponding normal samples. They found a ≥2-fold lower expression in 49% of breast tumors, indicating the heterogeneity of UNC5C expression in breast cancer samples. For cancer cells without or with low levels of the cognate ligand NTN1, such as the MCF-7 and MDA-MB-231 cell lines, to avoid the induction of apoptosis, UNC5C expression was downregulated or silenced, supposedly through promoter methylation or the loss of heterogeneity. Conversely, for cells that expressed NTN1, such as the SK-BR-3 and ZR-75-30 cell lines, the NTN1/Unc5C signaling pathway transduced anti-apoptotic signals for survival or other unknown aspects of cancer. Thus, dependence receptors, such as UNC5C, are also termed \'conditional tumor suppressors\'. Indeed, the NTN1/Unc5 signaling pathway transmits signals for cancer survival, which may be a self-rescuing reaction of cancer cells that are affected by chemotherapy ([@b38-ijo-56-01-0139]). Several chemotherapeutic agents, such as doxorubicin, 5-fluorouracil, paclitaxel and cisplatin, trigger an increase in the expression of NTN1 and its receptors, such as DCC and UNC5, in various human cancer cell lines ([@b38-ijo-56-01-0139]).

No significant difference was found between clinical normal tissues and ductal breast carcinoma in the present study. This would be expected because both normal and abnormal physiological activities may need, depending on the tissue context, the \'conditional tumor suppressor\' function of UNC5C to eliminate unnecessary cells in the absence of NTN1, and also need survival signals that are elicited by the NTN1/UNC5C pathway ([Fig. 1B](#f1-ijo-56-01-0139){ref-type="fig"}) to control the number of cells in tissues or to regulate directed migration, which usually occurs during neural development.

Interference with NTN1 was reported to induce apoptosis and inhibit metastasis in various cancer types ([@b15-ijo-56-01-0139],[@b39-ijo-56-01-0139]). Unexpectedly, UNC5C-knockdown in SK-BR-3 and ZR-75-30 cells that expressed NTN1 enhanced tumor growth and metastasis both *in vitro* ([Fig. 2](#f2-ijo-56-01-0139){ref-type="fig"}) and *in vivo* ([Fig. 3](#f3-ijo-56-01-0139){ref-type="fig"}), indicating that NTN1 and UNC5C exert opposite effects on tumor growth and metastasis. One unresolved issue is why UNC5C-knockdown enhanced tumor growth and metastasis in SK-BR-3 and ZR-75-30 cells even in the presence of NTN1 ([Figs. 1C](#f1-ijo-56-01-0139){ref-type="fig"} and [2](#f2-ijo-56-01-0139){ref-type="fig"}). It can be hypothesized that NTN1 mediates a complex signaling process that integrates both anti-apoptotic and survival signals, leading to the survival and metastasis of cancer cells. NTN1 binding may limit the pro-apoptotic role of UNC5C, and UNC5C-knockdown fully releases the survival signal that is elicited by NTN1, thus enhancing tumor growth and metastasis. Unknown are the receptors that mediate NTN1 survival signaling when UNC5C is disabled. UNC5B has been reported to interact with another NTN1-dependence receptor, DCC, to regulate growth cone orientation. Specifically, DCC attracted and UNC5B repelled growth cones. However, the DCC-mediated attraction of growth cones may be converted to repulsion when UNC5B is overexpressed, and such a conversion may be initiated only by NTN1 ([@b11-ijo-56-01-0139]). Thus, the NTN1 ligand appears to serve as an integrator that ties the two receptors with contrasting functions through a process whereby the amount of each receptor determines the final effects of NTN1, such as either to attract or repel growth cones. These findings prompted the present study to explore whether UNC5C interacts with other NTN1 receptors that are not NTN1-dependence receptors but instead mediate survival signals to regulate tumor growth and metastasis. Integrin α6/β4, whose cognate ligand is laminin-5, is one such NTN1 receptor, although its NTN1-receptor identity was first recognized in the process of pancreas development ([@b33-ijo-56-01-0139]). In the present study, the co-immunoprecipitation assay confirmed that UNC5C interacts with integrin α6 via a mutual extracellular domain in breast cancer cells ([Fig. 6](#f6-ijo-56-01-0139){ref-type="fig"}). Although integrin α6 can bind to β1 or β4 subunits, integrin α6/β4 is normally expressed in the breast epithelium and upregulated in invasive breast cancer ([@b34-ijo-56-01-0139]). Accordingly, it was presumed that UNC5C predominantly interacts with integrin α6/β4 in breast cancer. Survival signals that are transduced by integrin α6/β4 for tumor progression have been reported in various cancer types. For example, knockdown of integrin α6/β4 expression leads to enhanced apoptosis in breast cancer cells ([@b40-ijo-56-01-0139]) and negates parathyroid hormone-related protein-promoted survival in prostate cancer cells ([@b41-ijo-56-01-0139]). MMP9 is crucially important in tumor invasion and metastasis ([@b42-ijo-56-01-0139]). Although, to the best of our knowledge, no studies have associated integrin α6/β4 with MMP9 expression to date, the regulation of MMP9 expression by other integrins has been frequently reported ([@b43-ijo-56-01-0139]--[@b45-ijo-56-01-0139]). The present study found that UNC5C-knockdown promoted the growth and metastasis of breast cancer cells, mechanistically at least partially by upregulating MMP9 expression ([Fig. 4A and B](#f4-ijo-56-01-0139){ref-type="fig"}). Additionally, NTN1 has been shown to promote the proliferation ([@b46-ijo-56-01-0139]) and migration ([@b47-ijo-56-01-0139]) of umbilical cord blood-derived mesenchymal stem cells and notably protects cells from hypoxia-induced apoptosis through the integrin α6/β4 signaling pathway ([@b35-ijo-56-01-0139]), indicating the potential significance of the NTN1/integrin α6/β4 signaling pathway in regulating tumor growth and metastasis. A reasonable postulation is that loss of the UNC5C-receptor NTN1/integrin α6/β4 signaling pathway in SK-BR-3 and ZR-75-30 cells provokes the enhancement of tumor growth and metastasis. This is not necessarily ascribed to the upregulation of integrin α6 expression, because UNC5C-knockdown exerted no significant effects on integrin α6 expression. Notably, UNC5C-overexpression upregulated integrin α6 expression in MDA-MB-231 cells, demonstrating the complexity of cell type-dependent interactions between UNC5C and integrin α6 ([Fig. 6D](#f6-ijo-56-01-0139){ref-type="fig"}).

The cytoplasmic tails of both UNC5C and integrins are devoid of enzymatic features. Thus, UNC5C and integrins transmit signals by associating with adapter and signaling proteins ([@b48-ijo-56-01-0139],[@b49-ijo-56-01-0139]). FAK and SRC are key kinases in the integrin ([@b50-ijo-56-01-0139]) and NTN1/Unc5C ([@b51-ijo-56-01-0139]) signaling cascades. Previous studies have found that NTN1 activates both FAK and SRC phosphorylation ([@b52-ijo-56-01-0139]) and that FAK and SRC directly phosphorylates UNC5C ([@b51-ijo-56-01-0139]). For integrin signaling, upon integrin clustering and interactions with the integrin β subunit, FAK auto-phosphorylates itself, creating a binding site for SRC whereby SRC kinase subsequently phosphorylates numerous downstream components ([@b50-ijo-56-01-0139]). The present results demonstrated that UNC5C-knockdown enhanced FAK and SRC phosphorylation ([Fig. 6D](#f6-ijo-56-01-0139){ref-type="fig"}). It can therefore be proposed that the interaction between UNC5C and integrin α6 may interfere with either integrin clustering or binding between FAK and the integrin β4 subunit, thereby affecting FAK and SRC activation. UNC5C-knockdown prevented such interference, and led to enhancement of the activation of FAK and SRC. Notably, crosstalk among FAK and SRC in the p38 MAPK ([@b53-ijo-56-01-0139]), ERK ([@b54-ijo-56-01-0139]) and PI3K/AKT signaling pathways ([@b55-ijo-56-01-0139]) has been well established. Specifically, FAK can directly interact with PI3K ([@b55-ijo-56-01-0139]). Furthermore, the p38 MAPK, ERK and PI3K/AKT signaling pathways have been frequently reported to regulate MMP9 ([@b27-ijo-56-01-0139]--[@b29-ijo-56-01-0139]). These finding support our hypothesis that UNC5C-knockdown enhances MMP9 through the integrin α6/β4 signaling pathway by activating the FAK/SRC, p38 MAPK, ERK and PI3K/AKT signaling pathways.

Although controversial, ILK has been proposed to be both a scaffold protein and serine/threonine kinase in the integrin signaling cascade. ILK activation is PI3K-dependent ([@b36-ijo-56-01-0139]). Although numerous studies have focused on the phosphorylation of ILK substrates, (AKT at Ser-473 and GSK at Ser-9) ([@b36-ijo-56-01-0139]), to the best of our knowledge, the regulation of ILK activity by direct phosphorylation remains to be fully demonstrated. However, phosphorylation at Thr-173, Ser-246 ([@b56-ijo-56-01-0139]) and Ser-343 ([@b57-ijo-56-01-0139]) has been reported to be important for ILK function. Unexpectedly, the present study revealed that UNC5C-knockdown did not affect ILK expression, but inhibited ILK phosphorylation at Thr-173 ([Fig. 6D](#f6-ijo-56-01-0139){ref-type="fig"}). Based on the crucial role of ILK in stimulating MMP9 expression ([@b58-ijo-56-01-0139]), it can be hypothesized that, at least in SK-BR-3 cells, ILK phosphorylation at Thr-173 may not exert an activating effect but rather an inhibitory effect on ILK function. However, the precise mechanism requires further research.

In summary, the present study found that UNC5C exerts an inhibitory effect on the growth and metastasis of breast cancer cells and that binding with NTN1 limits the effects of UNC5C. Moreover, UNC5C interference potentiated the survival signals that were delivered by the NTN1/integrin α6/β4 signaling pathway and subsequently enhanced tumor growth and metastasis. The NTN1/UNC5C pathway may be a therapeutic target for metastasized cancers. Strategies may be developed to exploit the potential tumor-suppressor role of UNC5C by enhancing its expression. However, the present study was preliminary research on the function of UNC5C in breast cancer, and the current study could not conduct analyses of patient survival between a high-UNC5C group and low-UNC5C group on a large scale. Given the heterogeneity of UNC5C expression in both normal and tumor tissues and the critical roles of integrin α6/β4 in cell-ECM interactions, further studies are needed on the side effects of enhancing UNC5C expression in normal tissues.
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![UNC5C is heterogeneously expressed in clinical samples and breast cancer cell lines. (A) Detection of relative UNC5C expression in MCF-10a, MCF-7, SK-BR-3, ZR-75--30 and MDA-MB-231 breast cancer cell lines by western blotting. The expression of UNC5C was first normalized to α-tubulin and then to the value in the MCF-10a normal breast cell line. ^\*^P\<0.05, ^\*\*^P\<0.01 vs. MCF-10a. (B) Detection of UNC5C expression in breast tissue microarrays at different clinical stages by immunostaining. Left panels, whole tissue chip (magnification, ×40; scale bar, 200 *µ*m). Middle panels, part of the tissue chip (magnification, ×200; scale bar, 100 *µ*m). Right panels, part of the tissue chip (magnification, ×400; scale bar, 50 *µ*m). Significant differences were determined by paired Student\'s t-test. (C) Detection of relative NTN1 expression in the culture medium of breast cancer cell lines by ELISA. ^\*\*^P\<0.01 vs. MDA-MD-231. Data are expressed as the mean ± standard deviation. NS, not significant; Adj, adjacent tissues; Ca, cancer; UNC5C, Unc-5 Netrin Receptor C.](IJO-56-01-0139-g00){#f1-ijo-56-01-0139}

![UNC5C inhibits the viability and invasion of breast cancer cells. (A) UNC5C-knockdown reduced UNC5C protein expression in SK-BR-3 and ZR-75--30 cells, and UNC5C-overexpression enhanced UNC5C protein expression in MDA-MB-231 cells. (B) MTT assay. UNC5C-knockdown promoted viability of the breast cancer cell lines SK-BR-3 and ZR-75-30. UNC5C-overexpression inhibited viability of the breast cancer line MDA-MB-231. ^\*\*\*\*^P\<0.0001. (C) UNC5C-knockdown in SK-BR-3 and ZR-75-30 cells leads to enhanced invasion, while UNC5C-overexpression in MDA-MB-231 cells leads to reduced invasion of breast cancer cells in the Transwell assay. Scale bar, 50 *µ*m. ^\*^P\<0.05, ^\*\*^P\<0.01 vs. control cells. Data are expressed as the mean ± standard deviation. UNC5C, Unc-5 Netrin Receptor C; sh, short hairpin; Ctrl, control; OD, optical density.](IJO-56-01-0139-g01){#f2-ijo-56-01-0139}

![UNC5C suppresses the growth and metastasis of breast cancer *in vivo*. For the tumor growth assay, (A) SK-BR-3 cells (n=5) or (B) MDA-MB-231 cells (n=4) were inoculated subcutaneously in the right flanks of 4-week-old nude BALB/c mice. The volume of the resulting tumors was measured every 3 or 4 days according to the formula: Volume = width^2^ × length × 0.52. One month later, the resulting tumors were completely dissected and weighed. The maximum diameter of the tumor that formed at the end of the experiments was 9.2 mm in the SK-UNC5C-Ctrl group, 12.4 mm in the SK-UNC5C-shRNA1 group, 12.3 mm in the SK-UNC5C-shRNA2 group, 12.2 mm in the MDA-MB-231-GFP group and 10.2 mm in the MDA-MB-231-Unc5C group. (C) For tumor metastasis, SK-BR-3 cells were injected intravenously. Metastatic tumor nodules in all lung lobes were photographed under a fluorescence microscope and counted in the paraffin sections. Magnification of upper panels, ×40. Magnification of lower panels, ×200. The data are expressed as the mean ± standard deviation. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*\*^P\<0.0001 vs. UNC5C-shCtrl or MDA-GFP. UNC5C, Unc-5 Netrin Receptor C; sh, short hairpin; Ctrl, control.](IJO-56-01-0139-g02){#f3-ijo-56-01-0139}

![UNC5C suppresses MMP expression in breast cancer cells and inhibits the phosphorylation of AKT, MAPK/ERK and MAPK/p38. (A) Semi-quantitative PCR analysis. UNC5C-knockdown in SK-BR-3 cells enhanced and overexpression in MDA-MB-231 cells inhibited the expression of MMP3, MMP7, MMP9 and MMP10, but not MMP2. (B) Western blotting. UNC5C-knockdown upregulated MMP9 expression, but not MMP2. UNC5C-overexpression inhibited MMP9 expression at the protein level. (C) MMP9 expression in SK-BR-3 cells was markedly suppressed when the PI3K/AKT, ERK and p38 signaling pathways were blocked. (D) UNC5C-knockdown enhanced the phosphorylation of AKT, ERK1/2 and p38. UNC5C, Unc-5 Netrin Receptor C; sh, short hairpin; Ctrl, control; MMP, matrix metalloproteinase; p, phosphorylated.](IJO-56-01-0139-g03){#f4-ijo-56-01-0139}

![Effects of PI3K/AKT, ERK and p38 MAPK inhibitors on MMP9 expression and the invasion of SK-BR-3 cells. (A) The upregulation of MMP9 induced by UNC5C-knockdown was decreased by the inhibitors. (B) The UNC5C-knockdown-induced increase in invasion was antagonized by the inhibitors. Scale bar, 50 *µ*m. Significant differences were determined by one-way ANOVA followed by Tukey\'s post hoc test. ^\*\*^P\<0.01, ^\*\*\*\*^P\<0.0001 vs. no inhibitors. UNC5C, Unc-5 Netrin Receptor C; sh, short hairpin; Ctrl, control; MMP, matrix metalloproteinase.](IJO-56-01-0139-g04){#f5-ijo-56-01-0139}

![UNC5C activates integrin α6-associated signaling through interactions with integrin α6. (A) UNC5C interacts with integrin α6 exogenously. 293T cells were co-transfected with a UNC5C-Myc plasmid and integrin α6-Flag plasmid. Immunoprecipitation was performed with MYC and Flag antibody separately. (B) Immunoprecipitation was performed with antibodies against UNC5C and integrin α6 in SK-BR-3 cells for the endogenous interaction analysis. (C) UNC5C interacts with integrin α6 through an extracellular domain. 293T cells were transfected with UNC5C-Myc, integrin α6-FL-Flag, integrin α6-EC-Flag and integrin α6-IC-Flag in the indicated combinations. Immunoprecipitation was performed to precipitate MYC. (D) Western blotting. UNC5C-knockdown exerted no significant effects on integrin α6 in SK-BR-3 cells, decreased ILK phosphorylation, and increased FAK and SRC phosphorylation. Whereas UNC5C-overexpression upregulated integrin α6 expression, increased ILK phosphorylation and decreased FAK and SRC phos-phorylation. FL, full length; EC, extracellular; IC, intracellular; WB, western blot; UNC5C, Unc-5 Netrin Receptor C; ITGA6, integrin α6; p, phosphorylated; ILK, integrin-linked kinase; sh, short hairpin; Ctrl, control; IP, immunoprecipitate; Ab, antibody.](IJO-56-01-0139-g05){#f6-ijo-56-01-0139}
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